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Tumor-targeting antibodies can inhibit tumor cell proliferation by inhibition of signaling receptors on tumor cell membrane (1), evoking host anti-tumor immune response (2, 3) , or delivering cytotoxic drugs (4) . The therapeutic effect of antibodies can be increased by simultaneous administration of antibodies with complementary action or asymmetric side effect profiles (5) (6) (7) (8) .
Accumulation of antibodies in tumor and normal tissue is variable, complex, and unpredictable. Near-infrared (NIR) imaging allows extended imaging of fluorescently labeled antibodies in small animal models. Tumor uptake studies have been done with a variety of individual NIR fluorophorelabeled drugs (9, 10) but limited data are available for tracking multiple antibodies simultaneously (7, (11) (12) (13) (14) (15) .
We report here NIR simultaneous imaging of two different tumor-targeting antibodies in a mouse xenograft model. This allowed tumor and normal tissue uptake evaluation of two antibodies simultaneously over an extended period of time. This will help guide design of dosing strategies and identify potential interaction of the antibodies that could affect improved as well as adverse outcomes.
The NIR dyes XenoLight 680 succinimidyl ester (SEM) and 770 SEM (Caliper LifeSciences, Hopkinton, MA, USA) were used to label HER2/neu antibody (Herceptin, Genentech, South San Francisco, CA, USA) and anti-human EpCAM monoclonal antibody (R&D Systems, Minneapolis, MN, USA). In brief, 1 mL 2.5 mg/mL antibody solution in 0.1 M sodium bicarbonate buffer (pH ~8.3) was prepared, and 0.25 µmol Xenolight CF770 SEM or CF680 SEM was added in a drop-wise fashion while stirring the reaction solution. The reaction was performed at room temperature 2 h in dark while rocking. After the reaction, labeled antibodies were separated from free dye and concentrated using centrifuge filter devices with nominal molecular weight limit at 10,000 (cat no. UFC901024, Amicon Ultra; Millipore, Bedford, MA, USA). The degree of labeling was measured based on the following formula: [conjugate] (mg/ mL) = {[A 280 -(A max × CF)] /1.4} × dilution factor (CF is the absorbance correction factor: 0.06 for XenoLight CF770 and 0.09 for XenoLight CF680). The conjugated antibodies were stored at 4°C and used for animal injection within 1 week.
Mouse BT474 xenograft generation and all experiments were performed according to a protocol approved by Institutional Animal Care and Use Committee (IACUC) at the University of Vermont. Antibody uptake studies were done when the flank xenografts reached 0.4 to 0.6 cm.
Groups of mice were injected intravenously with a bolus of one or both of 1 nmol Herceptin-680 or anti-EpCAM-770. Control groups were injected with the same amount of correspondingly labeled mouse or human irrelevant IgG. Dye control groups received equimolar quantities of the free dyes. Images were obtained 30 min postinjection and then daily for 10 days (IVIS Lumina; Caliper Life Sciences). Uptake was referenced to the tumor and the kidneys.
We compared the uptake of a single antibody injection per mouse for either Herceptin-680 or anti-EpCAM-770 and compared that to control antibody and free dye ( Antibodies are important drugs for treating cancer and there is strong rationale for using multiple antibodies to improve outcomes. We labeled two breast cancer binding antibodies, anti-ErbB2 and anti-EpCAM, with infrared fluorescence dyes of different wavelengths and determined their in vivo distribution in a breast cancer xenograft model using a near-infrared (NIR) fluorescence imaging system. Our data show that these two antibodies can be readily assessed simultaneously in mouse xenograft model. This will help guide design of dosing strategies for multiple antibodies and identify potential interaction that could affect pharmacokinetics and possible side effects.
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Benchmarks
Method summary:
Here we provide a methodology for simultaneously imaging two antibodies labeled with infrared fluorescent dyes of differing wavelengths in a single tumor using near infrared (NIR) fluorescence imaging. This approach enables assessment of multiple antibody accumulation in a single tumor and normal body tissues. EpCAM-770 had higher concentrations in tumor tissues at all time points, but some accumulation of anti-EpCAM-770 was observed also in the kidneys. Studies were not done to confirm whether the full antiEpCAM-770 antibody or cleaved conjugates were present in the kidney.
Direct Figure 2C shows antiEpCAM accumulation under the same conditions. Both antibodies had the same pattern when administered either individually or simultaneously.
Antibodies are an important category of anticancer drugs, and a large number of antibodies are in preclinical and clinical development. Simultaneous administration of multiple antibodies that target different antigens or epitopes may be a successful strategy for increasing anticancer action and overcoming resistance. Simultaneous treatment with multiple antibodies promotes tumor inhibition by blocking different cellular functions in the same cell. Also, the antigenic profile varies from cell to cell within a tumor. Treatment with a single antibody will be less effective on low-antigen cells. Multiple antibodies targeting different antigens may offset the problem of variable antigen levels in a tumor.
Antibody accumulation in a solid tumor is complex, and variables such as the binding site barrier may impact accumulation. Other variables include speed of internalization, affinity, and rate of degradation. Antibodies targeting the same epitope with different binding properties have variable accumulation in a solid cancer (16) . For example, in vitro binding affinity did not predict in vivo xenograft accumulation of multiple anti-melanoma antibodies (17) . Preclinical experiments with in vivo imaging of multiple antibodies will be important to identify dosing strategies and to assess the impact of antibody variables and tumor variables on tumor uptake.
NIR imaging has previously been used to evaluate interaction of two antibodies administered simultaneously. This has been done by labeling one antibody at a time and assessing the alteration of uptake when the second unlabeled antibody was administered (7) . Dual imaging, as we report here, would have allowed simultaneous assessment of both antibodies in vivo. Multiple NIR-labeled antibodies have also been used to image multiple tumors of different histology implanted simultaneously in mice. For example, following intraperitoneal injection of NIR antibodies, surgically exposed peritoneal xenografts with either one or two different tumors were imaged at a single point in time in euthanized mice (12, 15) . Other studies were designed to diagnose tumors of different histology. Here multiple tumors with different histology were implanted in different locations and imaged following intravenous injection of NIR antibodies specific for each tumor type (13, 14) . In our study, one tumor type was implanted and visualized with two NIR antibodies specific for the one tumor but targeting different antigens. Our goal was to evaluate NIR-labeled antibodies to simulate cancer treatments of a single tumor using multiple antibodies. Our work demonstrates that this approach is feasible for assessing pharmacokinetics and potential interactions of multiple antibodies targeting a single tumor.
Simultaneous administration of multiple antitumor antibodies may result in increased adverse events. This may be especially important for antibodies that are conjugated with cytotoxic drugs. For example, both antibodies may share undesirable cross-binding to the same noncancer tissue and together lead to increased normal tissue damage. Also, common metabolic processing of the antibodies may lead to unexpected accumulation in the liver or kidney, resulting in unanticipated adverse events. Given the potential variation of tumor and normal tissue accumulation of multiple antibodies, simultaneous NIR imaging of multiple antibodies will be valuable. We observed that the normal tissue accumulation profile was different between the two antibodies we tested; Herceptin had minimal uptake in normal organs, whereas the anti-EpCAM antibody had accumulation in the liver and kidney.
In conclusion, administration of multiple antibodies is complex, and our study demonstrated that two antibodies labeled with different NIR dyes allowed simultaneous assessment of antibody accumulation in a single tumor and normal body tissues. In vivo assessment of tumor and normal tissue pharmacokinetics for multiple antibodies simultaneously will help guide design of dosing strategies and identify potential interaction of the antibodies that could affect pharmacokinetics. This group of three mice was imaged twice in rapid sequence at each time point. The image on the left was generated using the 680 filter set for selective imaging of the Herceptin antibody and the image on the right was generated using the 770 filter set for selective imaging of the anti-EpCAM antibody. In this group of three mice, the mouse on the left was injected with Herceptin-680 only, the middle mouse received both antibodies, and the mouse on the right received anti-EpCAM-770 only. Graph B shows tumor accumulation of Herceptin when injected as the only antibody or when co-injected with the anti-EpCAM antibody. Graph C shows anti-EpCAM accumulation under the same conditions. Both antibodies had same pattern when administered either individually or simultaneously.
